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a b s t r a c t 

A disturbance observer-based-dynamic load-torque compensator for current-controlled DC-drives, as joint actua- 
tor of assistive exoskeletons, has been recently proposed. It has been shown that this compensator can effectively 
linearize and decouple the coupled nonlinear dynamics of the human-exoskeleton system, by more effectively 
compensating the associated nonlinear load-torques of the exoskeleton at the joint level. In this paper, a detailed 
analysis of the current controlled DC drive-servo system using the said compensator, with respect to performance 
and stability is presented, highlighting the key factors and considerations affecting both the stability and perfor- 
mance of the compensated servo system. It is shown both theoretically and through simulation results that the 
stability of the compensated servo system is compromised as performance is increased and vice-versa. Based on 
the saturation state of the servo system, a new hybrid switching control strategy is then proposed to select sta- 
bility or performance-based compensator and controller optimally. The strategy is then experimentally verified 
both at the joint and task space level by using the developed four active-degree of freedom exoskeleton test rig. 
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. Introduction 

The increase in the elderly population in the societies has led to an
ncreased interest in the research of worn exoskeletons. The size and
eight limitation on the worn exoskeleton limit the power and size of

he joint actuators to be used. The exoskeleton is intimately attached
o the human, hence the nonlinear uncertain dynamics of the human is
inked to the nonlinear dynamics of the exoskeleton through the joint
oad-torques which are uncertain in nature [ 1 , 2 ]. It has been recently
how in [3] that if these joints torques are measured accurately then
n the presence of actuator modeling uncertainty, disturbance observer-
ased dynamic load-torque compensator (DOB-based-DLTC) can effec-
ively decouple the nonlinear human-exoskeleton joint space dynamics,
y adequately compensating the uncertain joint load-torques for limited
ower current controlled DC-drives (CCDC-drives). 

The power limitation on the actuators of the exoskeleton limits the
andwidth and control input of the actuators. The high task space per-
ormance of the exoskeleton using resolved acceleration control tech-
iques require accurate tracking of large reference accelerations in task
pace [4] . These large task space accelerations may be desired by a task
pace impedance control law, trying to impose a desired impedance on
he end-effector support of the exoskeleton [ 5 , 6 , 7 ] or by a control law,
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rying to impose a desired zero error task space dynamics on the end-
ffector of the exoskeleton, to accurately track a desired task space tra-
ectory [ 8 , 9 , 10 ]. With effective load torque compensation applied by
sing the technique in [3] , the physical human robotic interaction per-
ormance of an exoskeleton is then primarily dependent on how accu-
ately these desired trajectories are tracked both in joint and task space
11] . Due to limited bandwidth and limited control-input span, the joint
ctuators of the exoskeleton using high-performance joint-level strate-
ies like DOB-based-DLTC, tend to get saturated. This, in turn, confines
oth the performance and stability of the exoskeleton system at the joint
nd task space level. 

In order to understand the stability and performance of the compen-
ated servo system, a detailed analysis of DOB-based-DLTC is needed. In
his paper, it is shown through simulation results that the bandwidth of
he respective disturbance observer (DOB) and the position controller
ave a significant effect on both the performance and stability of the
ervo system. It is also shown that the stability and performance of the
ervo system using DOB-based-DLTC have conflicting requirements on
he bandwidths of respective DOB and position controller. Based on this
nalysis, a new methodology, based on the saturation state of the ac-
uators, is proposed. The method uses a new hybrid switching control
trategy in order to switch between the performance and stability-based
co. 
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Fig. 1. Block diagram of j th joint CCDC-drive. 
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ompensators/controllers smoothly and effectively, with the goal of op-
imizing both the performance and stability requirements of the com-
ensated system. 

Hybrid switching control techniques can provide a substantial im-
rovement to the performance of the feedback control system in terms
f speed of response, optimality, robustness, and stabilization [ 12 , 13 ].
 situation where the advantages of hybrid control can easily be seen

s when the control loop contains two integrators [14] which in the
onlinear domain is similar to the task space control of a serial ma-
ipulator, using resolved acceleration control [15] . Since an exoskele-
on is inherently a serial manipulator, the control of the exoskeleton
an benefit significantly through the use of hybrid control techniques.
ifferent hybrid control strategies have been proposed in the literature

or improvement of transient response, stability, and performance using
iece-wise constant switching signals [16–20] . However, as pointed out
n [21] that instability in switching systems may arise even if the switch-
ng systems are themselves stable because of its strong dependence on
he type of switching signal. Piecewise constant switching signal infers
hat the signal has many finite discontinuities [22] . Problems allied with
on-smooth switching strategies are mostly related to reduced stability
nd are highlighted in detail in [ 23 , 24 , 25 ]. 

Furthermore, to ensure the stability of the system and to keep the
hatter in the control signal below a certain bound, switching speed has
o be reduced to meet the minimum dwell time requirement between
wo consecutive switching [26] . The switching of the saturation state
f the actuators usually occurs at a fast rate; therefore, it is challenging
o meet the dwell time requirement for the fast-switching discontinuous
aturation-signal. This signal hence cannot be directly used for switch-
ng of controllers and compensators, because not only the controller
eeds to be switched, but the respective DOB and DLTC also need to be
imultaneously switched. This approach can hence introduce a consid-
rable control-input chatter, which can significantly reduce the servo
ystem stability [ 22 , 27 ]. Therefore, instead of using a piecewise con-
tant (discontinuous) switching signal, the method proposed in this pa-
er uses stable and smooth weighting functions to effectively switch be-
ween stability and performance-based compensators and controllers,
ased on the saturation state of the actuator. When in saturation, a
ore stable DOB-based-DLTC and controller with reduced performance

re used, while a more performance-oriented DOB-based-DLTC and con-
roller with reduced stability are used, when the actuator is away from
aturation and nonlinearity. 

The paper is organized as follows. 
A vectoral from of DOB-based-DLTC for the n -CCDC-drives is first

resented in Section 2 . The servo implementation of the DOB-based-
LTC at the joint level is presented in Section 3 , followed by the sta-
ility and performance analysis of the compensated servo-drive. The
ew hybrid switching control strategy for the compensated servo-drive
sing the proposed smooth weighting functions approach is shown in
ection 4 . The experimental verification of the proposed control strat-
gy at both the joint and task space level is then presented in Section 5 ,
sing the developed four active-degree of freedom (4-ADOF) exoskele-
on test rig. 

Main contribution of the paper are as follows 

• A detailed analysis of a load toque compensated CCDC servo-drive
[3] using DOB-based-DLTC is presented to highlight the key factors
affecting the stability and performance of the compensated drive sys-
tem. 

• Adjustable soft-switching weighting functions are proposed to al-
low smooth switching between respective stability and performance-
based compensators /controllers for the compensated drive. 

• Based on the saturation state of the CCDC-drive, a novel hybrid
switching strategy is proposed for the compensated drive using the
proposed weighting functions to ensure improved tracking perfor-
mance. 
• Experimental validation of the proposed switching strategy for com-
pensated CCDC-drives as joint actuators of an exoskeleton is pre-
sented, both at the joint space and task space level. 

. Disturbance observer-based dynamic load torque compensator 

In assistive robotics applications, the human limb is attached inti-
ately to the robotic exoskeleton. The coupled dynamics of the human-

xoskeleton system are highly nonlinear and uncertain, and effectively
ppear as uncertain load-torques at the joint actuators of the exoskele-
on as shown in [3] . These load torque hence need to be accurately
ensed and effectively compensated to properly linearize the human-
xoskeleton system at the joint-level. For this purpose, a vectoral form
f DOB-based-DLTC has recently been proposed in [11] for the n -CCDC-
rives of the n -ADOF exoskeleton. It has been shown that the proposed
ompensator can effectively linearize the nonlinear dynamics of the
uman-exoskeleton system by more effectively compensating the non-
inear load-torques of the coupled human-exoskeleton system [3] . 

The block diagram of a CCDC-drive for the j th joint actuator of the
xoskeleton (where 𝑗 = 1 to 𝑛 ) is shown in Fig. 1 . If i r ∈ ℝ 

n is the arma-
ure current reference vector in volts, 𝝉L ∈ ℝ 

n is the sensed load-torque
ector at the output shafts of all the joints and �̇� ∈ ( ℝ ) 𝑛 is the output
ngular velocity vector, then a frequency domain vectoral model for the
 -CCDC-drives can be given as [11] 

̇  = 𝜼−1 𝑮 𝑨 𝑛 
( 𝑠 ) 𝒊 𝒓 − ( 𝜼2 ) −1 𝑮 𝑩 𝑛 

( 𝑠 ) 𝝉𝐿 , (1)

here 

 𝑨 𝑛 
( 𝑠 ) = 𝑑𝑖𝑎𝑔 

{ 

𝑔 𝐴 𝑛 ( 𝑠 ) 𝑗 
} 

, 

 𝑩 𝑛 
( 𝑠 ) = 𝑑𝑖𝑎𝑔 

{ 

𝑔 𝐵 𝑛 ( 𝑠 ) 𝑗 
} 

, 

= 𝑑𝑖𝑎𝑔 
{
𝜂𝑗 
}
, 

here 𝑗 ∈ { 1 , 2 , … 𝑛 } . 
Here 𝑮 𝑨 𝑛 

( 𝑠 ) ∈ ( ℝ ) nxn and 𝑮 𝑩 𝑛 
( 𝑠 ) ∈ ( ℝ ) nxn are the diagonal transfer

unction matrices defining the nominal dynamics from i r to �̇� and 𝝉L to
̇  respectively, using the nominal drive parameters. The matrix 𝜼 ∈ ℝ 

nxn 

s the diagonal gear-ratio matrix. The transfer functions for the current-
ontroller, power-converter, and electrical-dynamics of the j th CCDC-
rive in Fig. 1 are respectively defined in [3] . The nominal transfer
unctions 𝑔 𝐴 𝑛 ( 𝑠 ) 𝑗 and 𝑔 𝐵 𝑛 ( 𝑠 ) 𝑗 for the j th drive are defined in detail in
11] . 

If 𝝉r ∈ ℝ 

n is the reference torque vector for the n -CCDC-drives
hen to effectively cancel the effect of load-torque vector 𝝉L ∈ ℝ 

n on
he joint velocity vector �̇� ∈ ( ℝ ) 𝑛 , the joint-level vectoral form of DOB-
ased-DLTC [11] is shown in Fig. 2 . The said compensator consists of a
ynamic load-torque compensator (DLTC) in feedforward and a distur-
ance observer (DOB) in feedback. The DOB is proposed so as to improve
he load torque compensation performance of DLTC in the presence of
arametric uncertainty of n -CCDC-drives as shown in [ 3 , 11 ]. A realiz-
ble DLTC N Dc f 

( s ) ∈ ℝ 

nxn shown in Fig. 2 , is given for the n -CCDC-drives
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Fig. 2. Detail structure of DOB-based-DLTC for n -CCDC-drives 
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Fig. 3. Equivalent simplified structure of DOB-based-DLTC for n -CCDC-drives 
in vectoral form. 
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ectoral model in (1) as 

 𝑫 𝒄 𝑓 
( 𝑠 ) = 𝑵 𝑫 𝒄 ( 𝑠 ) 𝑸 𝑫 𝒄 ( 𝑠 ) , (2) 

here 

 𝑫 𝒄 ( 𝑠 ) = diag 
{
𝑞 DC ( 𝑠 ) 𝑗 

}
, 

 𝑫 𝒄 ( 𝑠 ) = diag 
{
𝑛 DC ( 𝑠 ) 𝑗 

}
, 

 DC ( 𝑠 ) 𝑗 = 

( 

1 
0 . 98 𝜔 𝑐 𝑗 

𝑠 + 1 
) 

( 

1 
𝜔 𝑐 𝑗 

𝑠 + 1 
) 6 , 

𝑛 DC ( 𝑠 ) 𝑗 = 

𝑖 𝑟 2 𝑗 

𝜏𝐿 𝑚 𝑗 

= 

𝑔 𝐵 𝑛 ( 𝑠 ) 𝑗 
𝑔 𝐴 𝑛 ( 𝑠 ) 𝑗 

, 

here 𝑗 ∈ { 1 , 2 , … 𝑛 } . 
Here matrix Q Dc ( s ) ∈ ℝ 

nxn is a diagonal low pass filter matrix re-
uired for proper implementation of DLTC. 

The realizable DOB for the n -CCDC-drives in Fig. 2 is given in terms
f estimated disturbance vector ̂𝒅 𝒊 ∈ ( ℝ ) 𝑛 as [11] 

̂
 𝒊 = 𝑮 𝒐 ( 𝑠 ) �̇� 𝑚 − 𝑸 𝒐 ( 𝑠 ) 𝝉∗ 𝑒 , (3)

here 

 𝒐 ( 𝑠 ) = 𝑸 𝒐 ( 𝑠 ) 𝑮 

−1 
𝑇 𝑛 
( 𝑠 ) , 

 𝑻 𝑛 
( 𝑠 ) = diag 

{ 

𝑔 𝑇 𝑛 ( 𝑠 ) 𝑗 
} 

, 

 𝒐 ( 𝑠 ) = 𝑑𝑖𝑎𝑔 
{
𝑞 𝑜 ( 𝑠 ) 𝑗 

}
, 

𝑔 𝑇 𝑛 ( 𝑠 ) 𝑗 = 

ℎ 𝑐 𝑗 𝑘 𝐴 𝑗 

𝑘 𝑡 𝑗 

(
1 + 𝜏𝐴 𝑗 𝑠 

) , 

 𝑜 ( 𝑠 ) 𝑗 = 

𝜔 𝑜𝑐 𝑗 
𝑘 (

𝑠 + 𝜔 𝑜𝑐 𝑗 

)𝑘 
, 

here 𝑗 ∈ { 1 , 2 , … 𝑛 } . 
Here the matrix G T n ( s ) ∈ ℝ 

nxn gives the nominal forward torque
ynamics from 𝝉∗ 𝑒 to motor velocity �̇� 𝑚 . The matrix Q o ( s ) ∈ ℝ 

nxn is the
ascaded low pass filter matrix needed for proper implementation of
he DOB. The order of the low pass filter q o ( s ) j in (3) is k with 𝜔 oc j 

as
he cut-off frequency of the j th filter. The parameters defining g T 𝑛 ( s ) j are
efined explicitly in [11] . Since the load torque at each active joint is
ndependently sensed and effectively compensated by its respective load
orque compensator at the joint level, the matrices defining the DOB-
ased-DLTC in (2) and (3) are therefore purely diagonal. 
If G T n 
( s ) represents the nominal dynamics from 𝝉∗ 𝑒 to �̇� 𝑚 then the

orresponding actual torque dynamics G T ( s ) ∈ ℝ 

nxn , represented as a
ultiplicative uncertainty model is given from [28] as 

 𝑻 ( 𝑠 ) = diag 
{
𝑔 𝑇 ( 𝑠 ) 𝑗 

}
= 𝑮 𝑻 𝑛 

( 𝑠 ) + 𝑫 𝑻 ( 𝑠 ) , (4) 

here 

𝑫 𝑻 ( 𝑠 ) = 𝚫( 𝑠 ) 𝑮 𝑻 𝑛 
( 𝑠 ) , 

( 𝑠 ) = diag 
{
Δ( 𝑠 ) 𝑗 

}
, for ∥ Δ∥∞ ≤ 1 . 

Here 𝑗 = 1 to 𝑛 and Δ( s ) j is the multiplicative perturbation in g T n ( s ) j .
or the CCDC-drive parameters given in [11] , g T n ( s ) j was found to be
table for a maximum Δ( s ) j of 35 percent. Practically the uncertainty
n the drive parameters is usually less than 20 percent, therefore, a 20
ercent Δ( s ) j is assumed as a worst-case scenario. In order to effectively
nalyze the DOB-based-DLTC system for stability and performance, an
quivalent simplified structure of vectoral DOB-based-DLTC for n -CCDC-
rives is derived and is shown in Fig. 3 . The joint velocity vector �̇� can
hen be given in terms of inputs vectors 𝝉r , 𝝉L as 

̇  = 𝜼−1 𝑮 𝑻 ( 𝑠 ) 𝑛𝑒𝑡 𝝉𝑟 + ( 𝜼2 ) −1 𝑮 𝒖 𝒄 ( 𝑠 ) 𝑛𝑒𝑡 𝝉𝐿 , (5)

here 

 𝑻 ( 𝑠 ) net = diag 
{ 

𝑔 𝑇 ( 𝑠 ) ne 𝑡 𝑗 

} 

, 

 𝒖 𝒄 ( 𝑠 ) net = diag 
{ 

𝑔 uc ( 𝑠 ) ne 𝑡 𝑗 

} 

, 

 𝑇 ( 𝑠 ) ne 𝑡 𝑗 
= 

𝑔 𝑇 ( 𝑠 ) 𝑗 𝑔 𝑇 𝑛 ( 𝑠 ) 𝑗 
𝑑 ( 𝑠 ) ne 𝑡 𝑗 

, 

 uc ( 𝑠 ) ne 𝑡 𝑗 
= 

𝑔 𝑇 𝑛 ( 𝑠 ) 𝑗 
(
1 − 𝑞 𝑜 ( 𝑠 ) 𝑗 

)
𝑔 uc ( 𝑠 ) dlt 𝑐 𝑗 

𝑑 ( 𝑠 ) ne 𝑡 𝑗 

, 

 ( 𝑠 ) ne 𝑡 𝑗 
= 𝑔 𝑇 𝑛 ( 𝑠 ) 𝑗 

(
1 − 𝑞 𝑜 ( 𝑠 ) 𝑗 

)
+ 𝑞 𝑜 ( 𝑠 ) 𝑗 𝑔 𝑇 ( 𝑠 ) 𝑗 , 

 uc ( 𝑠 ) dlt 𝑐 𝑗 
= 

( 

𝑔 𝐴 ( 𝑠 ) 𝑗 
𝑔 𝐴 𝑛 ( 𝑠 ) 𝑗 
𝑔 𝐵 𝑛 ( 𝑠 ) 𝑗 

− 𝑔 𝐵 ( 𝑠 ) 𝑗 

) 

, 

here 𝑗 ∈ { 1 , 2 , … 𝑛 } . 
Here G T ( s ) net ∈ ℝ 

nxn represent the actual forward dynamics from

r to �̇� 𝑚 while G uc ( s ) net ∈ ℝ 

nxn represents the net uncompensated
requency-dependent gain for the load-torque vector 𝝉L which is desired
o be as low as possible over the bandwidth of G T ( s ) net . Furthermore
 A ( s ) j and g B ( s ) j in (5) respectively represent the corresponding actual
ynamics of 𝑔 𝐴 𝑛 ( 𝑠 ) 𝑗 and 𝑔 𝐵 𝑛 ( 𝑠 ) 𝑗 defined in (1) . 

. Stability and performance 

The servo implementation of the DOB-based-DLTC, CCDC-drive is
rst presented and then analyzed in the frequency domain, to find the
ey parameters affecting both the stability and performance of the servo
ystem. The need for a hybrid switching strategy is then later presented.
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Fig. 4. The j th joint, position feedback control structure for a CCDC-drive with 
DOB-based-DLTC. 
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.1. Servo implementation of DOB-based-DLTC CCDC-drive 

It is seen from the DOB-based-DLTC system for the n -CCDC-drives
n (5) , that G T ( s ) net and G uc ( s ) net are diagonal, therefore, the system in
5) is decoupled and linear which allows for independent stability and
erformance analysis to be performed for each joint, in-terms of joint
elocities �̇� 𝑗 and corresponding joint inputs 𝜏L j 

, 𝜏r j 
. Equation (5) can

hen be written for the j th joint as 

̇ 𝑗 = 

1 
𝜂𝑗 

𝑔 𝑇 ( 𝑠 ) ne 𝑡 𝑗 
𝜏𝑟 𝑗 + 

1 
𝜂𝑗 

2 𝑔 uc ( 𝑠 ) ne 𝑡 𝑗 
𝜏𝐿 𝑗 . (6)

The task space performance of the exoskeleton is very much depen-
ent on how well the position trajectories of each joint are tracked in
ime [ 3 , 4 ]. Therefore, to analyze the performance and stability of the
 

th joint using DOB-based-DLTC CCDC-drive for the closed-loop con-
rol, the position-servo implementation is shown in Fig. 4 . Standard
D-controller c p ( s ) j with first order differential filter is selected for this
urpose, where c p ( s ) j , is chosen to be of the form 

 𝑝 ( 𝑠 ) 𝑗 = 

𝐾 𝑑 𝑝 

(
𝜏1 𝑝 𝑠 + 1 

)
(
𝜏2 𝑝 𝑠 + 1 

) , (7)

Here 𝑗 = 1 to 𝑛 . Under no measurement noise assumption, the
utput-angular position q j for the servo system in Fig. 4 can, there-
ore, be given in terms of sensitivity S p ( s ) j and complementary sensi-
ivity T p ( s ) j for the reference output-angular position q r j from (6) and
7) as [29] 

 𝑗 = 𝑇 𝑝 ( 𝑠 ) 𝑗 𝑞 𝑟 𝑗 + 𝐺 𝑢𝑐 𝑝 
( 𝑠 ) ne 𝑡 𝑗 

𝜏𝐿 𝑗 , (8)

here 

 𝑝 ( 𝑠 ) 𝑗 = 

𝑐 𝑝 ( 𝑠 ) 𝑗 𝑔 𝑇 ( 𝑠 ) ne 𝑡 𝑗 

𝑠 
, 

 𝑝 ( 𝑠 ) 𝑗 = 

(
1 + 𝐿 𝑝 ( 𝑠 ) 𝑗 

)−1 
, 

 𝑝 ( 𝑠 ) 𝑗 = 𝐿 𝑝 ( 𝑠 ) 𝑗 
(
1 + 𝐿 𝑝 ( 𝑠 ) 𝑗 

)−1 
, 

 𝑢𝑐 𝑝 
( 𝑠 ) ne 𝑡 𝑗 

= 

1 
𝜂𝑗 

2 𝑆 𝑝 ( 𝑠 ) 𝑗 𝑔 uc ( 𝑠 ) ne 𝑡 𝑗 
, 

 ∈ { 1 , 2 , … 𝑛 } . 

Here L p ( s ) j is the open-loop gain of the position servo system in
ig. 4 . As seen from (8) the position servo system for the j th joint is a lin-
ar MISO system, therefore, the stability and performance of the servo
ystem can be independently argued w.r.t the corresponding transfer-
unctions T p ( s ) j and 𝐺 𝑢𝑐 𝑝 

( s ) net j 
for the respective reference inputs q r j and

isturbing input 𝜏L j . Under ideal conditions, i.e., with an ideal distur-
ance observer filter ( q o ( s ) j ≈ 1) and with no uncertainty in drive pa-
ameters ( Δ( s ) j ≈ 0), the actual feedforward system g T ( s ) net j 

for the j th 

oint in (8) equals the nominal transfer function g T n ( s ) j , where g T n ( s ) j 
s given by (3) . Therefore, the ideal nominal forward loop-gain seen by

he position controller in Fig. 4 is given as 𝐿 𝑖 _ 𝑛 𝑝 ( 𝑠 ) 𝑗 = 

𝑔 𝑇 𝑛 ( 𝑠 ) 𝑗 
𝑠 

. 
.2. Joint stability and performance w.r.t reference input q rj 

If 𝜔 𝑇 𝑝 𝑗 
is the open-loop bandwidth of T p ( s ) j for the position servo sys-

em in (8) then different controllers c p ( s ) j can be designed for increasing
 𝑇 𝑝 𝑗 

using the ideal nominal forward loop-gain 𝐿 𝑖 _ 𝑛 𝑝 ( 𝑠 ) 𝑗 . In order to ef-
ectively analyze the stability of the position servo system in (8) w.r.t its
eference input q r j (i.e., the stability of the transfer function T p ( s ) j ), the
ain-margin and phase-margin for the open-loop gain L p ( s ) j are plotted
oth for increasing open-loop bandwidth 𝜔 𝑇 𝑝 𝑗 

and increasing DOB-filter

andwidth 𝜔 𝑜𝑐 𝑗 
. The corresponding results for the j th joint servo system

re respectively shown in Fig. 5 for the CCDC-drive having specifications
iven by Table 1 with 𝑗 = 3 . The results are obtained for different order
 of the DOB-filter q o ( s ) j where 𝜔 𝑜𝑐 𝑗 

is varied from 0 to 𝜔 𝑛 𝑗 
. Here 𝜔 𝑛 𝑗 

is
he bandwidth of the ideal nominal feedforward loop-gain 𝐿 𝑖 _ 𝑛 𝑝 ( 𝑠 ) 𝑗 . 

It is seen that the gain margin of the position servo system shown in
ig. 5 (a) is a strong function of open-loop bandwidth 𝜔 𝑇 𝑝 𝑗 

and decreases
apidly with respective increase in 𝜔 𝑇 𝑝 𝑗 

. It is also seen that the gain
argin decreases with a corresponding increase in DOB-filter q o ( s ) j ́s

andwidth 𝜔 𝑜𝑐 𝑗 
, but this decrease is seen to be reduced for the higher

alue of k . The phase margin of the servo system shown in Fig. 5 (b)
s also seen to decrease with a corresponding increase in both 𝜔 𝑜𝑐 𝑗 

and
 𝑇 𝑝 𝑗 

for all values of k. In fact, it is seen that for higher values of 𝜔 𝑇 𝑝 𝑗 
i.e. 𝜔 𝑇 𝑝 𝑗 

> 200 rad/s), increasing 𝜔 𝑜𝑐 𝑗 
beyond 400 rad/s (i.e. 𝜔 𝑜𝑐 𝑗 

> 0.4
 𝑛 𝑗 

) causes the phase margin to become negative. It is therefore seen
hat the stability of the position servo system in (8) decreases with the
espective increase in DOB-filter bandwidth 𝜔 𝑜𝑐 𝑗 

as well as the open-loop
andwidth 𝜔 𝑇 𝑝 𝑗 

. 
Furthermore, the condition for the internal stability of the DOB-

ased-DLTC system in Fig. 2 with DOB given by (3) in feedback, dictates
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Table 1 

Actuator specification. 

Joint Angle DC Motor Gear Head Encoder (lines/turn) Output Shaft Rated Torque (Nm) 

q 3 48V 81 1600 40-Nm 

q 4 24V 43 1024 18-Nm 

Fig. 6. Magnitude of | 1 
Δ( 𝑠 ) 𝑗 

| and | q o ( s ) j | plotted vs frequency with | 1 
Δ( 𝑠 ) 𝑗 

| curves 

plotted for 20 percent perturbation in nominal drive parameters, while | q o ( s ) j | 
curves plotted for increasing DOB-filter bandwidth 𝜔 𝑜𝑐 𝑗 , where 𝜔 𝑜𝑐 𝑗 ≤ 𝜔 𝑛 𝑗 and 
𝑗 = 3 . 
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Fig. 7. Magnitude of joint complementary sensitivity function | T p ( s ) j | plotted 
vs frequency for the position servo system in (8) , for increasing value of 𝜔 𝑜𝑐 𝑗 , 
with c p ( s ) j designed for 𝜔 𝑇 𝑝 𝑗 = 128 rad/s and 𝑗 = 3 . 

Fig. 8. Nichols plots of net uncompensated gain 𝐺 𝑢𝑐 𝑝 
( s ) net j 

plotted for increasing 
gear ratio 𝜂j , for the position servo system in (8) with 20 percent uncertainty in 
g T ( s ) j , where 𝑗 = 3 . 
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hat the magnitude of respective DOB-filter q o ( s ) j is bounded as [8] 

𝑞 𝑜 ( 𝑠 ) 𝑗 
||| ≤ 

||||| 1 
Δ( 𝑠 ) 𝑗 

|||||, (9)

here Δ( s ) j is the associated multiplicative perturbation in g T n ( s ) j de-

ned in (3) . The magnitude | 1 
Δ( 𝑠 ) 𝑗 

| is given from (4) as 

1 
Δ( 𝑠 ) 𝑗 

||||| = 

|||||
𝑔 𝑇 𝑛 ( 𝑠 ) 𝑗 

𝑔 𝑇 ( 𝑠 ) 𝑗 − 𝑔 𝑇 𝑛 ( 𝑠 ) 𝑗 

||||| . (10) 

For the CCDC-drive having specifications given by Table 1 , | 1 
Δ( 𝑠 ) 𝑗 

|
urves given by (10) are plotted vs. frequency in Fig. 6 for the third
oint, i.e., 𝑗 = 3 with g T ( s ) j found by perturbating the nominal param-
ter of the drive-by 20 percent. The | q o ( s ) j |for increasing bandwidth
 𝑜𝑐 𝑗 

is also plotted in Fig. 6 as a function of frequency. For proper per-
ormance of the DOB, it is required that the | q o ( s ) j | ≈1 over the whole
andwidth of g T n ( s ) j i.e. 𝜔 𝑛 𝑗 

. However, it is seen from Fig. 6 that with

n increase in 𝜔 𝑜𝑐 𝑗 
(where 𝜔 𝑜𝑐 𝑗 

≤ 𝜔 𝑛 𝑗 
), the difference between | 1 

Δ( 𝑠 ) 𝑗 
|

nd | q o ( s ) j | decreases, which in-turn decrease the internal stability and
ence the robustness of the position servo system, in (8) as per the con-
ition specified in (9) . 

In order to explicitly see the effect of the DOB-filter bandwidth 𝜔 𝑜𝑐 𝑗 
n the performance of the servo system in (8) w.r.t input q r j , the magni-
ude of complementary joint sensitivity | T p ( s ) j | is plotted vs. frequency
n Fig. 7 for the increasing value of 𝜔 𝑜𝑐 𝑗 

with controller c p ( s ) j designed
or 𝜔 𝑇 𝑝 𝑗 

= 128 rad/s. It is seen that the bandwidth of T p ( s ) j increases with
he increase in 𝜔 𝑜𝑐 𝑗 

. This in turn ensures an improved tracking and noise
ejection performance of the servo system [29] , but as argued above and
hown in Fig. 5 , that this improvement is achieved at the cost of lower
tability. 

.3. Joint stability and performance w.r.t input 𝜏L j 

In exoskeleton system applications, because of the presence of a hu-
an in the loop, there exists an external human-machine feedback loop
rom the output q j to the disturbing load-torque input 𝜏L j which is not
ell defined. This feedback could be positive, as well as negative. There-

ore, the closed-loop stability of the joint position servo system for the
isturbing input 𝜏L j must be ensured in such applications. The stability
nd load-torque disturbance rejection performance for the disturbing
nput 𝜏L j for the joint position servo system is defined by the uncom-
ensated frequency-dependent gain 𝐺 𝑢𝑐 𝑝 

( s ) net j in (8) . 
The Nichols plots of 𝐺 𝑢𝑐 𝑝 

( s ) net j is shown in Fig. 8 and is plotted for
ncreasing values of joint gear ratio 𝜂j with 20 percent uncertainty in
CDC-drive parameters (i.e., in g T ( s ) j ). It is seen from Fig. 8 that for
ear-ratio 𝜂j = 1, the | 𝐺 𝑢𝑐 𝑝 

( s ) net j | at 180 deg phase is greater than 0 dB.
herefore, the position servo system in (8) has a negative gain margin
nd is potentially unstable w.r.t disturbing input 𝜏L j in a potential nega-
ive human-machine feedback configuration. Therefore, the DOB-based-
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Fig. 9. Net uncompensated gains 𝐺 𝑢𝑐 𝑝 
( s ) net j 

for the servo system in (8) , plotted 
for increasing value of 𝜔 𝑜𝑐 𝑗 , with gear ratio 𝜂j = 5, where 𝑗 = 3 (a) Nichols plot 
(b) Bode magnitude plot. 
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Fig. 10. Tracking response of position servo system in (8) plotted vs DOB-filter 
bandwidth 𝜔 𝑜𝑐 𝑗 , for the joint load-torque shown in Fig. 11 with joint controller 
c p ( s ) j designed for 𝜔 𝑇 𝑝 𝑗 = 128 rad/s, and 𝑗 = 3 . (a) Joint position tracking re- 
sponse (b) position tracking error. 

Fig. 11. Load-torque disturbance for the position servo system in Fig. 4 
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LTC cannot be used for servo systems in exoskeleton applications using
nity gear-ratio actuators. However the | 𝐺 𝑢𝑐 𝑝 

( s ) net j | decreases quickly
ith the increase in the value of gear-ratio 𝜂j , and as seen from Fig. 8 that

ven for a small gear-ratio value of 𝜂j = 5, the | 𝐺 𝑢𝑐 𝑝 
( s ) net j | decreases

o -14 dB at a phase of 180 deg, thereby improving the gain-margin
f the servo system to 14 dB w.r.t input 𝜏L j . For gear ratios 𝜂j > 2 the
 𝐺 𝑢𝑐 𝑝 

( s ) net j | never cross the 0-dB line for any frequency, therefore, the
hase-margin of the servo system w.r.t input 𝜏L j remains at infinity. As
een in Fig. 8 the | 𝐺 𝑢𝑐 𝑝 

( s ) net j | is always less than 0 dB for a phase of 0
r 360 degrees, for any value of 𝜂j . Therefore, the position servo system
n (8) is always stable for any potential positive human-machine feed-
ack configuration w.r.t input 𝜏L j . Nichols plot of 𝐺 𝑢𝑐 𝑝 

( s ) net j is plotted
n Fig. 9 (a) for a gear ratio 𝜂j = 5 for increasing value of 𝜔 oc j . It is seen
hat in comparison to 𝜂j there is little effect on the | 𝐺 𝑢𝑐 𝑝 

( s ) net j | at the
80 deg phase with increasing 𝜔 oc j and hence the gain- margin of the
osition servo system w.r.t 𝜏L j , are effected little by increasing 𝜔 oc j . 

The | 𝐺 𝑢𝑐 𝑝 
( s ) net j | is plotted vs. frequency for increasing values of 𝜔 oc j 

n Fig. 9 (b) and it is seen that for the given gear-ratio 𝜂j = 5, increasing the
andwidth 𝜔 oc j of the DOB-filter q o ( s ) j significantly reduces | 𝐺 𝑢𝑐 𝑝 

( s ) net j |
or the frequencies within the bandwidth 𝜔 oc j . This in turn improves the
oad-torque 𝜏L j disturbance rejection performance of the net uncompen-
ated gain. Therefore, once the gear-ratio 𝜂j is appropriately selected to
nsure stability, increase in the bandwidth 𝜔 oc j of the DOB-filter q o ( s ) j ,
mproves the load-torque disturbance rejection performance of the servo
ystem in (8) . 
.4. Net performance of servo systems w.r.t to 𝜔 oc j 

It is seen from Fig. 7 and Fig. 9 (b) that for a given gear-ratio 𝜂j ,
he bandwidth 𝜔 𝑜𝑐 𝑗 

of the DOB-filter q o ( s ) j improves the tracking per-
ormance of T p ( s ) j as well as the load-torque rejection performance of
 𝑢𝑐 𝑝 

( s ) net j 
of the servo system in (8) . Therefore, in order to see the net

mprovement afforded by 𝜔 𝑜𝑐 𝑗 
on the servo performance, the servo sys-

em is simulated for tracking performance for increasing values of 𝜔 𝑜𝑐 𝑗 
ith joint controllers c p ( s ) j designed for 𝜔 𝑇 𝑝 𝑗 

= 128 rad/s. For the CCDC-
rive having specifications given by Table 1 with 𝑗 = 3 , the joint tracking
erformance for the position servo system in (8) is shown in Fig. 10 (a)
hile the corresponding tracking error is shown in Fig. 10 (b). The load-

orque disturbance given to the servo system is shown in Fig. 11 . It is
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Fig. 12. Proposed saturation-based hybrid switching control strategy, for the joint-level position-servo system in Fig. 4 , using the DOB-based-DLTC CCDC-drive. 
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learly seen from Fig. 10 that increasing bandwidth 𝜔 𝑜𝑐 𝑗 
of the DOB-

lter q o ( s ) j , significantly improves the overall tracking performance of
he servo system in (8) . 

.5. Need for a hybrid strategy 

It is seen in Section 3.2 that the stability of the servo system w.r.t
espective reference input q r j is strongly affected by the bandwidth
f the respective DOB-filter 𝜔 𝑜𝑐 𝑗 

as well as by the desired open-loop
andwidth 𝜔 𝑇 𝑝 𝑗 

. Hence it is desired from the stability perspective that
he respective joint DOB-filters and controllers are designed for re-
uced bandwidths. On the other hand, as seen in Sections 3.2 - 3.4 that
n increase in bandwidth 𝜔 𝑜𝑐 𝑗 

improves the tracking as well as load-
orque disturbance rejection performance of the servo system. Also an
ncrease in desired open-loop bandwidth 𝜔 𝑇 𝑝 𝑗 

results in faster transient
esponse, better tracking, and better noise rejection of the servo system
n (8) [29] . It is therefore desired from a performance perspective that
he respective joint DOB-filters and controllers are designed for higher
andwidths. Furthermore, larger values of bandwidths 𝜔 𝑜𝑐 𝑗 

and 𝜔 𝑇 𝑝 𝑗 
an cause the joint actuators to saturate which in turn would introduce
aturation-based nonlinearity into the system to further deteriorate the
ervo system stability. On the other hand, having lower values of 𝜔 𝑜𝑐 𝑗 
nd 𝜔 𝑇 𝑝 𝑗 

would help the joint actuators to quickly come out of the satu-
ation state and hence would help in improving the system stability. 

Therefore, stability and performance requirements of the joint level
osition servo system, using DOB-based-DLTC CCDC-drives are seen to
ave conflicting bandwidth requirements on 𝜔 𝑇 𝑝 𝑗 

and 𝜔 𝑜𝑐 𝑗 
. This in turn

equires a new hybrid strategy to be investigated to satisfy both the
tability and performance requirements of the position servo system in
8) , using saturation state of the actuators. 

. Hybrid switching strategy 

To achieve both the high performance as well as improved stabil-
ty objectives of the servo system in (8) using DOB- based-DLTC, a new
aturation-based hybrid switching control strategy is suggested and is
hown in detail in Fig. 12 . It is proposed that two independent system
ets of PD controllers, DOBs and DLTCs be designed for each joint, one
nsuring improved stability while the later ensuring high performance.
he set ensuring improved stability consists of a low bandwidth PD con-
roller c p ( s ) j ( stab ) 
, a low bandwidth DOB-filter q o ( s ) j ( stab ) 

and a low band-
idth DLTC-filter q DC ( s ) j ( stab ) 

. The set for high performance consists of
 high bandwidth PD controller c p ( s ) j ( perf ) 

, a high bandwidth DOB-filter
 o ( s ) j ( perf ) 

and a high bandwidth DLTC-filter q DC ( s ) j ( perf ) 
. The designed

andwidths for the two sets are given in Table 2 . 
It is well known that a saturation-based nonlinearity is introduced

nto the system whenever the servo system goes into a saturation state,
hich not only deteriorates the system’s stability but also the perfor-
ance of the system [30] . Therefore, the use of high bandwidths 𝜔 𝑇 𝑝 𝑗 

,
 𝑜𝑐 𝑗 

and 𝜔 𝑐 𝑗 
for the respective controller, DOB and DLTC in this situation

an overdrive the position servo system in (8) , to go deeper into satura-
ion, which may potentially result in instability or oscillatory behavior
ue to limit cycles [31] . It is, therefore, suggested that the stability-based
et be used in this case to not only ensure stability but also to allow the
ervo system to come out of saturation state by soft driving the system.
uring the non-saturated state, it is suggested that performance-based

et be used which allows higher bandwidths for 𝜔 𝑇 𝑝 𝑗 
and 𝜔 𝑜𝑐 𝑗 

to ensure
igh servo tracking and load rejection performance. It is proposed that
hese two sets for the j th joint be switched based on the overall satura-
ion state 𝜎j of the joint servo system. It is further proposed that 𝜎j is
etermined by considering the saturation-state of both the power am-
lifier as well as the saturation-state of the reference-current signal i r j 
or the CCDC-drive. The overall saturation-sate 𝜎j of the j th joint servo
ystem is suggested to be given as 

𝑗 = 

{ 

𝜎𝑢𝑏 𝑎 𝑗 

‖‖‖‖𝜎𝑢𝑏 𝑏 𝑗 ‖‖‖‖𝜎𝑙𝑏 𝑎 𝑗 ‖‖‖‖𝜎𝑙𝑏 𝑏 𝑗 
} 

, (11) 

here 

𝑗 , 𝜎𝑢𝑏 𝑎 𝑗 
, 𝜎𝑢𝑏 𝑏 𝑗 

, 𝜎𝑙𝑏 𝑎 𝑗 
, 𝜎𝑙𝑏 𝑏 𝑗 

∈ { 0 , 1 } 

Here 𝜎𝑢𝑏 𝑎 𝑗 , 𝜎𝑙𝑏 𝑎 𝑗 respectively represent the upper and lower satura-

ion state of the j th power amplifier while 𝜎𝑢𝑏 𝑏 𝑗 , 𝜎𝑙𝑏 𝑏 𝑗 respectively repre-

ent upper and lower saturation state of the reference current 𝑖 𝑟 𝑗 . It is
mperative for the stability and smooth functionality of the servo sys-
em in (8) that the two sets (for stability and performance) be smoothly
witched based on the state of 𝜎j , given by (11) . The estimation of 𝜎j 

ased on (11) is shown in detail in Fig. 12 . 
With actuators that use high-gain controllers and compensators, the

aturation state 𝜎j usually switches at a fast rate. It is therefore difficult

nauma
Sticky Note
Need to correct this figure with correct sigma for weighting funcitions
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Table 2 

Bandwidth definitions for stability and performance. 

Bandwidth Description Value (rad/s) 

𝜔 s Sampling frequency. 157 k 

𝜔 𝑛 𝑗 Feed-forward bandwidth of nominal transfer function 𝐿 𝑖 _ 𝑛 𝑝 ( 𝑠 ) 𝑗 . 875 

𝜔 𝑜𝑐 𝑗 ( perf ) 
Bandwidth of DOB-filter q o ( s ) j ( perf ) 

for performance. 0 . 5 𝜔 𝑛 𝑗 = 437 . 

𝜔 𝑜𝑐 𝑗 ( stab ) 
Bandwidth of DOB-filter q o ( s ) j ( stab ) 

for stability. 0 . 2 𝜔 𝑜𝑐 𝑗 ( perf ) 
= 87 

𝜔 𝑇 𝑝 𝑗 ( 𝑝𝑒𝑟𝑓 ) 
Designed open-loop bandwidth for controller 𝑐 𝑝 ( 𝑠 ) 𝑗 ( 𝑝𝑒𝑟𝑓 ) for performance. 

𝜔 𝑇 𝑝 𝑗 ( 𝑠𝑡𝑎𝑏 ) 
Designed open-loop bandwidth for controller c p ( s ) j ( stab ) 

for stability. 

𝜔 𝑐 𝑗 ( perf ) 
Bandwidth of DLTC-filter q DC ( s ) j ( perf ) 

for performance. 0 . 5 𝜔 𝑠 = 78 𝑘 
𝜔 𝑐 𝑗 ( stab ) 

Bandwidth of DLTC-filter q DC ( s ) j ( stab ) 
for stability. 0 . 1 𝜔 𝑐 𝑗 ( perf ) 

= 7 . 8 𝑘 

Fig. 13. Flow chart for weighting and complementary weighting functions 𝓌 j ( t ) and 𝓌 𝑗 ( 𝑡 ) for the saturation-based hybrid switching scheme shown in Fig. 12 , with 
corresponding variables defined in Table 2 . 
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Table 3 

Variable definitions for the weighting function 𝓌 j ( t ). 

Variable names Description Initial Value 

t Time 0 s 

𝜎j Saturation-state 0 

f inc j 
Increment-phase flag 0 

f dec j 
Decrement-phase flag 0 

𝑡 𝑜 de 𝑐 𝑗 
Decrement-phase start time 0 s 

𝑡 𝑜 in 𝑐 𝑗 
Increment-phase start time 0 s 

𝜏 inc j 
Increment-phase exponent-time constant 25 ms 

𝜏dec j 
Decrement-phase exponent-time constant 100 ms 

𝓌 min Minimum possible value of 𝓌 ( t ) 0.01 

𝓌 max Maximum possible value of 𝓌 max = 1 − 𝓌 min 0.99 

K j Exponent gain 1.0 

𝓌 𝑜𝑙𝑑 𝑗 
Previous value of 𝓌 𝑗 ( t ) 0 

j

o meet the dwell time requirement for the discontinuous saturation
ignal 𝜎j to keep the control input chatter low. The signal 𝜎j hence can-
ot directly be used for switching between the two sets as this would
ntroduce a considerable control-input chatter which can significantly
educe the servo system stability [22] . The control-input chatter prob-
em is further amplified in this case, because not only the respective
ontroller needs to be switched but, the respective DOB and DLTC also
eed to be simultaneously switched. Larger chatter in the input control
ignal can lead to fast switching of the actuators, which can not only cre-
te stability issues but also damage the system [13] . Therefore, instead
f using 𝜎j directly, a new weighting functions-based switching strat-
gy is proposed that uses continuously differentiable weighting function
 j ( t ) inconjunction with the complementary weighting function 𝓌 𝑗 ( 𝑡 )

o smoothly switch between the stability and performance-based sets
or the j th servo-drive. The algorithm for the computation of 𝓌 j ( t ) and
 𝑗 ( 𝑡 ) is outlined in the flow chart in Fig. 13 , with the corresponding

ariables defined in Table 3 . Depending on the status of 𝜎j in (11) , in-
rement or decrement phase for 𝓌 j ( t ) is selected and 𝓌 j ( t ) is changed
moothly w.r.t time t, with time constants 𝜏 inc j 

and 𝜏dec j 
respectively.

he weighing function 𝓌 j ( t ) with range 𝓌 min ≤ 𝓌 j ( t ) ≤ 𝓌 max for the j th
 𝓌
oint is proposed to be given as 

 𝑗 ( 𝑡 ) = 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 
𝓌 max + 𝐴 in 𝑐 𝑗 

( 𝑡 ) 𝑒 − 𝑎 in 𝑐 𝑗 ( 𝑡 ) , for 𝜎𝑗 = 0 

𝓌 min + 𝐴 de 𝑐 𝑗 
( 𝑡 ) 𝑒 − 𝑎 de 𝑐 𝑗 

( 𝑡 ) 
, for 𝜎𝑗 = 1 (12) 
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Fig. 14. Proposed weighting function 𝓌 j ( t ) plotted vs time for different values 
of exponent gain K j and increasing values of time constants 𝜏𝑖𝑛 𝑐 𝑗 , 𝜏𝑑𝑒 𝑐 𝑗 with 𝑡 𝑜 in 𝑐 𝑗 , 
𝑡 𝑜 de 𝑐 𝑗 
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 in 𝑐 𝑗 
( 𝑡 ) = 

1 
𝜏in 𝑐 𝑗 

(
𝑡 − 𝑡 𝑜 in 𝑐 𝑗 

)
, 

 de 𝑐 𝑗 
( 𝑡 ) = 

1 
𝜏de 𝑐 𝑗 

(
𝑡 − 𝑡 𝑜 de 𝑐 𝑗 

)
, 

 in 𝑐 𝑗 
( 𝑡 ) = 

(
𝐾 𝑗 − 𝓌 max 

)(
𝑎 in 𝑐 𝑗 ( 𝑡 ) + 1 

)
, 

 de 𝑐 𝑗 
( 𝑡 ) = 

(
𝐾 𝑗 − 𝓌 min 

)(
𝑎 de 𝑐 𝑗 

( 𝑡 ) + 1 
)
, 

 ∈ { 1 , 2 , … 𝑛 } . 

The weighting function 𝓌 j ( t ) in (12) can be written mathematically
n terms of the saturation state 𝜎j and complementary saturation sate �̄�𝑗 
s 

 𝑗 ( 𝑡 ) = 

(
𝓌 max + 𝐴 in 𝑐 𝑗 

( 𝑡 ) 𝑒 − 𝑎 in 𝑐 𝑗 ( 𝑡 ) 
)
𝜎𝑗 + (

𝓌 min + 𝐴 de 𝑐 𝑗 
( 𝑡 ) 𝑒 − 𝑎 de 𝑐 𝑗 

( 𝑡 ) 
)
𝜎𝑗 . 

(13) 

It is essential for the smooth functioning of the proposed switching
cheme that the weighting function 𝓌 j ( t ) does not show any disconti-
uity while switching between incrementing and decrementing phase,
hown in Fig. 13 . This has been ensured by introducing terms containing
ariables like exponent-gain K j and phase-start-times 𝑡 𝑜 in 𝑐 𝑗 , 𝑡 𝑜 de 𝑐 𝑗 

for the

ncrement and decrement phase in (12) . Gain K j needs to be initialized
o w old j while 𝑡 𝑜 in 𝑐 𝑗 , 𝑡 𝑜 de 𝑐 𝑗 

need to be initialized to the current value of

ime t , once at the start of each phase as shown in Fig. 13 . The min-
mum possible value 𝓌 j ( t ) is limited to 𝓌 min which prevents 𝓌 j ( t ) to
et decremented to very small values during large saturation intervals
nd thus avoids the associated delay for the next incrementing phase.
he proposed weighting function 𝓌 j ( t ) is plotted vs. time t for both the
hases in Fig. 14 , for different values of exponent gain K j and increas-
ng time constants 𝜏𝑖𝑛 𝑐 𝑗 , 𝜏𝑑𝑒 𝑐 𝑗 , with 𝑡 𝑜 in 𝑐 𝑗 , 𝑡 𝑜 de 𝑐 𝑗 

assumed to be zero. It is

een from Fig. 14 that 𝓌 j ( t ) smoothly start from K j at time 𝑡 = 𝑡 𝑜 in 𝑐 𝑗 
or

 = 𝑡 𝑜 de 𝑐 𝑗 
and converge smoothly to 𝓌 max or 𝓌 min with time-constants

𝑖𝑛 𝑐 𝑗 
or 𝜏𝑑𝑒 𝑐 𝑗 , for incrementing or decrementing phase, while preserving

 smooth S-shaped curve w.r.t time t . The corresponding complemen-
ary weighting function 𝓌 𝑗 ( 𝑡 ) having range 𝓌 max ≥ 𝓌 𝑗 ( 𝑡 ) ≥ 𝓌 min for the
 th joint is then suggested to be given as 

 𝑗 ( 𝑡 ) = 1 − 𝓌 𝑗 ( 𝑡 ) . (14) 

To ensure that the sum of respective weighting functions 𝓌 j ( t ) and
 𝑗 ( 𝑡 ) is always equal to 1, the maximum possible value of 𝓌 j ( t ) namely
 max has been limited to 1- 𝓌 min . This in turn also ensures the same
espective rate of decrease and increase for 𝓌 j ( t ) and 𝓌 𝑗 ( 𝑡 ) and vice-
ersa. 

In summary, it is proposed that outputs of the performance-based
et, i.e. c p ( s ) j ( perf ) 

, q o ( s ) j ( perf ) 
and q DC ( s ) j ( perf ) 

for the j th joint are weighted
hrough 𝓌 𝑗 ( 𝑡 ) while the outputs of the stability-based set, i.e. c p ( s ) j ( stab ) 

,
 o ( s ) j ( stab ) 

and q DC ( s ) j ( stab ) 
are weighted through 𝓌 𝑗 ( 𝑡 ) . An implementa-

ion of the proposed smooth switching between performance-based and
tability-based joint system is shown in detail in Fig. 12 . The respective
utputs of hybrid DOB, DLTC and position controller, i.e. 𝑑 𝑖 𝑗 ( 𝑡 ) , 𝑖 𝑟 2 𝑗 ( 𝑡 ) ,

𝑟 𝑗 
( 𝑡 ) , for the j th servo-drive can be given mathematically in terms of

eighting functions 𝓌 𝑗 ( 𝑡 ) and 𝓌 𝑗 ( 𝑡 ) from (2) , (3) , (7) , (11) , (13) as 

 ̂𝑖 𝑗 
( 𝑡 ) = 𝑑 𝑖 𝓌 𝑗 

( 𝑡 ) + 𝑑 𝑖 
𝓌 𝑗 

( 𝑡 ) , 

 𝑟 2 𝑗 
( 𝑡 ) = 𝑖 𝑟 2 𝓌 𝑗 

( 𝑡 ) + 𝑖 𝑟 2 𝓌 𝑗 
( 𝑡 ) , 

𝑟 𝑗 
( 𝑡 ) = 𝜏𝑟 𝓌 𝑗 

( 𝑡 ) + 𝜏𝑟 
𝓌 𝑗 

( 𝑡 ) , 
(15) 

here 

 ̂𝑖 𝓌 𝑗 
( 𝑡 ) = 𝓌 𝑗 ( 𝑡 ) 𝑑 𝑖 𝓌 𝑗 ( 𝑡 ) ( perf ) = 𝓌 𝑗 ( 𝑡 ) 

{ 

𝑔 dob ( 𝑡 ) 𝑗 ( perf ) ∗ �̇� 𝑚 𝑗 ( 𝑡 ) 
} 

, 

 ̂𝑖 
𝓌 𝑗 

( 𝑡 ) = 𝓌 𝑗 ( 𝑡 ) 𝑑 𝑖 𝑗 ( 𝑡 ) ( stab ) = 𝓌 𝑗 ( 𝑡 ) 
{ 

𝑔 dob ( 𝑡 ) 𝑗 ( stab ) ∗ �̇� 𝑚 𝑗 ( 𝑡 ) 
} 

, 

 𝑟 2 𝓌 𝑗 
( 𝑡 ) = 𝓌 𝑗 ( 𝑡 ) 𝑖 𝑟 2 𝑗 ( 𝑡 ) ( perf ) = 𝓌 𝑗 ( 𝑡 ) 

{ 

𝑛 dltc ( 𝑡 ) 𝑗 ( perf ) ∗ 
(
𝜂𝑗 

−1 𝜏𝐿 𝑗 ( 𝑡 ) 
)} 

, 

 𝑟 2 𝑤 𝑗 
( 𝑡 ) = 𝓌 𝑗 ( 𝑡 ) 𝑖 𝑟 2 𝑗 ( 𝑡 ) ( stab ) = 𝓌 𝑗 ( 𝑡 ) 

{ 

𝑛 dltc ( 𝑡 ) 𝑗 ( stab ) ∗ 
(
𝜂𝑗 

−1 𝜏𝐿 𝑗 ( 𝑡 ) 
)} 

, 

𝑟 𝓌 𝑗 
( 𝑡 ) = 𝓌 𝑗 ( 𝑡 ) 𝜏𝑟 𝑗 ( 𝑡 ) ( perf ) = 𝓌 𝑗 ( 𝑡 ) 

{ 

𝑐 𝑝 ( 𝑡 ) 𝑗 ( perf ) ∗ 𝑒 𝑗 ( 𝑡 ) 
} 

, 

𝑟 𝓌 𝑗 
( 𝑡 ) = 𝓌 𝑗 ( 𝑡 ) 𝜏𝑟 𝑗 ( 𝑡 ) ( stab ) = 𝓌 𝑗 ( 𝑡 ) 

{ 

𝑐 𝑝 ( 𝑡 ) 𝑗 ( stab ) ∗ 𝑒 𝑗 ( 𝑡 ) 
} 

, 

 dob ( 𝑡 ) 𝑗 ( perf ) = ℒ 

−1 
{ 

𝑔 𝑜 ( 𝑠 ) 𝑗 𝑞 𝑜 ( 𝑠 ) 𝑗 ( perf ) 

} 

, 

 dob ( 𝑡 ) 𝑗 ( stab ) = ℒ 

−1 
{ 

𝑔 𝑜 ( 𝑠 ) 𝑗 𝑞 𝑜 ( 𝑠 ) 𝑗 ( stab ) 

} 

, 

 dltc ( 𝑡 ) 𝑗 ( perf ) = ℒ 

−1 
{ 

𝑛 DC ( 𝑠 ) 𝑗 𝑞 DC ( 𝑠 ) 𝑗 ( perf ) 

} 

, 

 dltc ( 𝑡 ) 𝑗 ( stab ) = ℒ 

−1 
{ 

𝑛 DC ( 𝑠 ) 𝑗 𝑞 DC ( 𝑠 ) 𝑗 ( stab ) 

} 

, 

 𝑝 ( 𝑡 ) 𝑗 ( perf ) = ℒ 

−1 
{ 

𝑐 𝑝 ( 𝑠 ) 𝑗 ( perf ) 

} 

, 𝑐 𝑝 ( 𝑡 ) 𝑗 ( stab ) = ℒ 

−1 
{ 

𝑐 𝑝 ( 𝑠 ) 𝑗 ( stab ) 

} 

, 

 ∈ { 1 , 2 , … 𝑛 } , ∗ is the convolution operator. 
By using (14) , the hybrid outputs in (15) can be written in terms of

 j ( t ) alone as 

 ̂𝑖 𝑗 
( 𝑡 ) = 𝓌 𝑗 ( 𝑡 ) 

(
𝑑 𝑖 𝑗 ( 𝑡 ) ( perf ) − 𝑑 𝑖 𝑗 ( 𝑡 ) ( stab ) 

)
+ 𝑑 𝑖 𝑗 ( 𝑡 ) ( stab ) , 

 𝑟 2 𝑗 
( 𝑡 ) = 𝓌 𝑗 ( 𝑡 ) 

(
𝑖 𝑟 2 𝑗 

( 𝑡 ) ( perf ) − 𝑖 𝑟 2 𝑗 
( 𝑡 ) ( stab ) 

)
+ 𝑖 𝑟 2 𝑗 

( 𝑡 ) ( stab ) , 

𝑟 𝑗 
( 𝑡 ) = 𝓌 𝑗 ( 𝑡 ) 

(
𝜏𝑟 𝑗 ( 𝑡 ) ( perf ) − 𝜏𝑟 𝑗 ( 𝑡 ) ( stab ) 

)
+ 𝜏𝑟 𝑗 ( 𝑡 ) ( stab ) . 

(16) 

It is seen from (16) that when 𝓌 j ( t ) ≈ 0, then 𝑑 𝑖 𝑗 ( 𝑡 ) ≈ 𝑑 𝑖 𝑗 ( 𝑡 ) ( stab ) ,
 𝑟 2 𝑗 

( 𝑡 ) ≈ 𝑖 𝑟 2 𝑗 
( 𝑡 ) ( stab ) and 𝜏𝑟 𝑗 ( 𝑡 ) ≈ 𝜏𝑟 𝑗 ( 𝑡 ) 𝑠𝑡𝑎𝑏 . While when 𝓌 j ( t ) ≈ 1,

hen 𝑑 𝑖 𝑗 ( 𝑡 ) ≈ 𝑑 𝑖 𝑗 ( 𝑡 ) ( perf ) , 𝑖 𝑟 2 𝑗 ( 𝑡 ) ≈ 𝑖 𝑟 2 𝑗 
( 𝑡 ) ( perf ) 𝑖 𝑟 2 𝑗 

( 𝑡 ) 𝑝𝑒𝑟𝑓 and 𝜏𝑟 𝑗 ( 𝑡 ) ≈ 𝜏𝑟 𝑗 ( 𝑡 ) 𝑝𝑒𝑟𝑓 .
herefore, it is seen that by smoothly controlling the value of the weight-

ng function 𝓌 j ( t ) as given by (13) , the outputs of the hybrid system
an be smoothly controlled to correspond to performance or stability-
ased system outputs. It is significant to note from (15) and (16) that the
eighting functions 𝓌 j ( t ) and 𝓌 𝑗 ( 𝑡 ) smoothly attenuate only the respec-

ive outputs of the stability or performance- based system, to achieve

nauma
Highlight
sima_j and sigma_j complement should be switched 
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Fig. 15. (a) Developed 4-ADOF exoskeleton test rig, (b) close up view of the 
joint actuator-assembly, (c) xPC Target Simulink TM , real time workshop con- 
trolled experimental setup. 

Fig. 16. Kinematic configuration of the 4-ADOF exoskeleton test rig, for the 
joint level testing of the proposed hybrid scheme with a 30 o step input applied 
at the shoulder-flexion joint q 3 . Joints q 1 , q 2 , q 4 are kept constant at default 
angles, defined by the DH parameters in [11] . 
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witching. Therefore, the stability and performance afforded by the in-
ividual DOBs, DLTCs, and controllers in (15) are not affected by the
espective weighting functions. If the performance-based or stability-
ased servo systems are independently stable then the inputs �̇� 𝑚 𝑗 ( 𝑡 ) ,

L j 
( t ), e j ( t ); the stability outputs 𝑑 𝑖 𝑗 ( 𝑡 ) stab , 𝑖 𝑟 2 𝑗 ( 𝑡 ) 𝑠𝑡𝑎𝑏 , 𝜏𝑟 𝑗 ( 𝑡 ) 𝑠𝑡𝑎𝑏 and the per-

ormance outputs 𝑑 𝑖 𝑗 ( 𝑡 ) perf , 𝑖 𝑟 2 𝑗 ( 𝑡 ) 𝑝𝑒𝑟𝑓 , 𝜏𝑟 𝑗 ( 𝑡 ) 𝑝𝑒𝑟𝑓 are bounded. Since 𝓌 j ( t )

nd 𝓌 𝑗 ( 𝑡 ) are ensured to be continuous for any time t with 𝓌 j ( t ) and
 𝑗 ( 𝑡 ) always < 1, therefore, the hybrid outputs in (15) i.e., 𝑑 𝑖 𝑗 ( 𝑡 ) , 𝑖 𝑟 2 𝑗 ( 𝑡 )

nd 𝜏𝑟 𝑗 ( 𝑡 ) are also bounded. Therefore, it can be safely argued that if the
ervo system in (8) without the hybrid control is BIBO stable, then the
ervo system in (8) using the proposed hybrid switching control strategy
s also BIBO stable. 

. Experimental results 

The performance of the proposed hybrid switching control strat-
gy for the position servo system in (8) using the DOC-based-DLTC
CDC-drives is experimentally validated in comparison with the non-
ybrid approach, on the developed 4-ADOF exoskeleton test rig ( 𝑛 = 4)
s shown in Fig. 15 . The design of the test rig is briefly described in
11] . 

.1. Experimental setup 

The developed 4-ADOF exoskeleton test rig consists of four active
oints and two sensorized arm-supports, as shown in Fig. 15 (a). Each
oint of the exoskeleton is equipped with a torque sensor, absolute posi-
ion sensor, digital encoder, and a CCDC-drive, as shown in Fig. 15 (b).
he specification and the parameters of the CCDC-drive used are given

n Table 1 and [11] . The exoskeleton is controlled using xPC target
imulink TM real-time workshop, as shown in Fig. 15 (c). All the sensors
nd the CCDC-drives are interfaced to the Target PC using Humusoft TM 

/O cards. The proposed hybrid switching strategy along with stabil-
ty and performance-based controllers and compensators is compiled in
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Fig. 17. Experimental joint level comparative response of the position servo system in Fig. 4 , using the proposed hybrid switching strategy in Fig. 12 , for a 30 o step 
input applied at the shoulder-flexion joint of 4-ADOF exoskeleton ( 𝑗 = 3) in Fig. 15 (a). (a) Joint angular position q j (b) saturation state 𝜎j (c) weighting functions 
𝓌 j ( t ) and 𝓌 𝑗 ( 𝑡 ) (d) reference currents 𝑖 𝑟 𝑗 (e) measured load-torque 𝜏𝐿 𝑗 (f) DLTC output 𝑖 𝑟 2 𝑗 (g) DOB output 𝑑 𝑖 𝑗 (h) estimated gain-margin improvement (i) estimated 
phase-margin improvement. 
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Fig. 18. Kinematic configuration of the 4-ADOF exoskeleton test rig for the task 
space level testing of the proposed hybrid switching scheme. 
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imulink TM (external-mode) on the Host-PC and then download to the
arget-PC using a dedicated Ethernet connection. The strategy is then

mplemented in real-time on the 4-ADOF exoskeleton test rig, by the
arget-PC. The real-time results are then obtained on the Host-PC from
he Target-PC via the same dedicated ethernet link. 

To experimentally validate the proposed hybrid switching strategy at
he joint level, the proposed strategy is first tested in comparison with
he previously presented non-hybrid approach in [3] , at the shoulder
exion-joint ( 𝑗 = 3 ) of the 4-ADOF exoskeleton test rig shown in Fig. 15 .
he kinematic configuration of the exoskeleton for the joint level test-

ng is shown in Fig. 16 . For the proposed hybrid control strategy, both
tability as well as performance-based controllers, DOBs and DLTCs are
sed while for the non-hybrid approach, only performance-based con-
roller, DOB, and DLTC are used. The chosen bandwidth values used for
esting are given in Table 2 . 

.2. Joint level testing 

Comparative step response of the DOB-based-DLTC position servo
ystem, for joint-3, is shown in Fig. 17 (a). It is seen that the step re-
ponse of the servo system using the proposed hybrid scheme is much
mproved as compared to the non- hybrid strategy. The saturation state

j of the said servo system is shown in Fig. 17 (b) while the correspond-
ng weighting functions 𝓌 j ( t ) and 𝓌 𝑗 ( 𝑡 ) are shown in Fig. 17 (c). It is
oted that during the time the position servo system is in saturation
tate, 𝓌 j ( t ) decreases while 𝓌 𝑗 ( 𝑡 ) increases with a time constant 𝜏dec ,
o switch from a performance-based system to a stability-based system,
ith an improved gain and phase-margin of 25 dB and 70 deg respec-

ively, as shown in Fig. 17 (h) and (i). It is seen in Fig. 17 (a) that by
sing a lower bandwidth position controller, DOB and DLTC, during
he saturation sate, results in a lower overshoot and a lower settling
ime of the servo system, with approximately the same rise time. As
he position servo system comes out of the saturation state, 𝓌 j ( t ) and
 𝑗 ( 𝑡 ) respectively increase and decrease with a time constant 𝜏 inc , to

witch back to the performance-based system with a lower gain and
hase-margin of 17 dB and 61 deg respectively, but with an improved
oise and load-torque rejection performance. It is seen from Fig. 17 (c)
nd (d) that, even if the saturation sate 𝜎j of the system is discontinuous,
he suggested weighting functions 𝓌 j ( t ) and 𝓌 𝑗 ( 𝑡 ) are smooth, and the
esulting step response in Fig. 17 (a) is also smooth with no distortion or
iscontinuity. It is also noted form Fig. 17 (d) and (f) that the proposed
trategy enables the position servo system to come out of the saturation
tate more quickly by requiring a lower reference current 𝑖 𝑟 𝑗 . Further-
ore, even though the saturation state 𝜎j switches at a very fast rate,

s seen in Fig. 17 (b), no noticeable chatter in control input signal 𝑖 𝑟 𝑗 is
bserved because of the use of 𝓌 j ( t ) and 𝓌 𝑗 ( 𝑡 ) . 

.3. Task space level testing 

To experimentally validate the performance of the proposed switch-
ng strategy at the task space level, the linear position of the lower-arm
upport x la ∈ ℝ 

3 of the 4-ADOF exoskeleton, is controlled in real-time,
o track a 10 cm radius circular desired trajectory x dla ∈ ℝ 

3 at 2 rad/s,
n the 𝑋 𝑜 − 𝑍 𝑜 plane of the base frame Σ0 , by using the xPC-target setup
hown in Fig. 15 . The frame definitions, actuator specification, forward
nd inverse kinematics of the 4-ADOF exoskeleton test rig are defined
nd described in detail in [11] . If q ∈ ℝ 

4 is the actual joint position
ector of the exoskeleton, then the task space position vector x la is found
sing the forward kinematics of the lower-arm support. The desired tra-
ectory tracking performance in task space is validated for the proposed
ybrid switching scheme in comparison with the non-hybrid approach
y imposing desired zero-error task space dynamics at the lower-arm
upport [15] . For the proposed hybrid strategy, both stability, as well
s performance-based controllers and compensators, are used while for
he non-hybrid approach, only performance-based controller, and com-
ensators are used for each joint. The reference task space acceleration
̈  𝒓 la ∈ ( ℝ ) 3 is given by the zero-error task space dynamics control law
s 

̈  𝒓 la = �̈� 𝒅 la − 𝑴 

−1 
𝑥 

(
− 𝑩 𝒙 ̇𝒆 la − 𝑲 𝒙 𝒆 la 

)
, (17) 

here 𝒆 𝒍 𝒂 = 𝒙 𝒅 la − 𝒙 la is the task space position error. The matrices M x ,
 x , K x ∈ 3 x 3 are the task space matrices for mass, damping, and stiffness
nd are defined as 𝑴 𝒙 = diag { 𝑚 𝑥 } , 𝑩 𝐱 = diag { 𝑏 𝑥 } , 𝑲 𝒙 = diag { 𝑘 𝑥 } with
 x , b x and k x being the respective desired task space parameters. The

orresponding joint acceleration ̈𝒒 𝒓 ∈ ( ℝ ) 4 is then given from the inverse
inematics of lower-arm support as 

̈ 𝒓 = 𝑱 †
𝒗 la 

( 𝒒 ) 
(
�̈� 𝒓 la − �̇� 𝒗 la ( 𝒒 ) ̇𝒒 

)
, (18) 

here J v la ( q ) ∈ ℝ 

3 x 4 is the velocity Jacobian matrix of the lower-arm
upport and 𝑱 †

𝒗 la 
( 𝒒 ) represents the pseudo inverse of J v la ( q ). The refer-

nce joint position vector q r ∈ ℝ 

4 , to be tracked by the respective joint
f the exoskeleton is then given from �̈� 𝒓 in (18) as 

 𝒓 = ∬ �̈� 𝒓 . (19)

It is seen from the control law in (17) that the desired stiffness param-
ter k x needs to be significantly large for the task space steady state e la to
e sufficiently small, but on the other hand larger k x dictates larger ref-
rence acceleration �̈� 𝒓 𝑙𝑎 and hence larger reference position q r given by
19) needs to be tracked in time, which can saturate the respective joint
ctuators of the exoskeleton using DOB-based-DLTC CCDC-drives. This
an, in turn, lower the task space tracking performance of the lower-arm
upport. 

To verify the task space tracking performance of the proposed switch-
ng strategy, in comparison with the non-switching approach in [3] ,
 larger value of 𝑘 𝑥 = 2000 N ∕m is selected to ensure a smaller task
pace error e la . The value of m x greater than 1 with 𝑚 𝑥 = 3 Kg is cho-
en for stability reasons and the value of 𝑏 𝑥 = 186 N ∕m s −1 is chosen to
nsure a damping ratio of 1.2, for the imposed zero error task space dy-
amics in (17) . To ensure that the weighting function 𝓌 j ( t ) in (12) re-
ponds quickly to the saturation state ( 𝜎𝑗 = 1 ) by rapidly decreasing its
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Fig. 19. Experimental task space tracking performance for the 4-ADOF ex- 
oskeleton test rig in Fig. 15 , plotted in comparison for the proposed switching 
scheme and non-switching approach, using DOB-based-DLTC joint servo system 

actuators of the form given by (8) , in the 𝑋 𝑜 − 𝑍 𝑜 plane of base frame Σ0 . (a) 
Task space 3D tracking response of x la (b) task space position tracking error 
𝑒 𝑙𝑎 xo 

, ̈𝑒 𝑙𝑎 zo 
(c) task space acceleration tracking error 𝑒 𝑙𝑎 xo 

, ̈𝑒 𝑙𝑎 zo 
(d) DOB outputs 

𝑑 𝑖 3 , ̂𝑑 𝑖 4 for joint 3 and 4 (e) joint-3 saturation state 𝜎3 and weighting function 
𝓌 3 ( t ) (f) joint-4 saturation state 𝜎4 and weighting function 𝓌 4 ( t ) (g) resulting 
joint load-torques 𝑇 𝐿 3 , 𝑇 𝐿 4 . (h) DLTC outputs 𝑖 𝑟 2 3 , 𝑖 𝑟 2 4 for joints 3 and 4. 

Fig. 19. Continued 

v  

𝜏  

u  

a  

m

alue, the decrement time constant is chosen to be of small value with

de 𝑐 𝑗 
= 0.33ms. To ensure that 𝓌 j ( t ) in (12) responds cautiously to the

nsaturated state ( 𝜎𝑗 = 0 ) by slowly increasing its value (to prevent the
ctuator from going into the saturation again), a larger value of incre-
ent time constant with 𝜏in 𝑐 𝑗 

= 1s is selected. 
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Since the desired task space trajectory x d la is only in the 𝑋 𝑜 − 𝑍 𝑜 

lane of the base frame Σ0 , there is no movement along the Y o axis.
herefore, only joint 3 and joint 4 of the exoskeleton are active, while

oint 1 and 2 remain constant at their default positions. The kinematic
onfiguration of the exoskeleton test-rig for the task space testing is
hown in Fig. 18. The trajectory tracking results of x la in the base frame

0 using the proposed hybrid strategy and non-hybrid approach are
hown in Fig. 19 (a). The task space position tracking error e la xo 

, e la z o and
he task space acceleration error 𝑒 𝑙 𝑎 𝑥𝑜 , ̈𝑒 𝑙 𝑎 𝑧𝑜 , along X o and Z o axis of the
rame Σ0 , are plotted in comparison for the switching and non-switching
trategy in Fig. 19 (b) and (c), respectively. The disturbance estimates by
he respective DOBs 𝑑 𝑖 3 , 𝑑 𝑖 4 , the resulting joint load-torques 𝑇 𝐿 3 , 𝑇 𝐿 4 and
he load-torque compensation currents by respective DLTCs 𝑖 𝑟 2 3 , 𝑖 𝑟 2 4 

are
espectively plotted in Fig. 19 (d),(g) and (h), for both switching and
on-switching approaches. 

It is seen from Fig. 19 (e) and (f) that when the non-hybrid approach
s used (by employing only performance-based controllers, DOBs and
LTCs for the respective CCDC-drive for each joint as in [3] ), for a high
alue of task space stiffness parameter 𝑘 𝑥 = 2000 N ∕m , the active joints
joints 3 and 4) of the exoskeleton mostly remain in saturation. This
ot only results in a deteriorated task space tracking performance in
he form of larger task space position errors and larger task space ac-
eleration errors, as shown in Fig. 19 (b) and (c), but also in the form of
arger vibrations, because of the reduced stability. This hence results in
arger resulting joint load-torques, larger load-torque compensation cur-
ents, and larger disturbance estimation values by the respective DOBs
s shown in Fig. 19 (g),(h) and (d) respectively. However, as shown in
ig. 19 (e) and (f), the proposed hybrid control scheme (by employing
oth stability as well as performance-based controllers, DOBs and DLTCs
or the respective CCDC-drive), for the same high value of task space
tiffness parameter 𝑘 𝑥 = 2000 N ∕m , prevents the active joints (joint 3
nd 4) of the exoskeleton from going long and hard into saturation.
he switching schemes depending on the saturation state 𝜎j of the joint
ervo system automatically adjusts the values of respective weighting
unctions 𝓌 3 ( t ) and 𝓌 4 (t) to not only improve the performance of the
ystem in the form of lower task space position errors and lower task
pace acceleration errors, as shown in Fig. 19 (b) and (c), but also im-
roves the system’s stability by reducing the system’s vibrations. This
esults in reduced resulting joint load-torques 𝑇 𝐿 3 , 𝑇 𝐿 4 , reduced com-
ensating currents 𝑖 𝑟 2 3 

, 𝑖 𝑟 2 4 
by the respective DLTCs, and reduced dis-

urbance estimation values 𝑑 𝑖 3 , 𝑑 𝑖 4 by the respective DOBs, as shown in
ig. 19 (g),(h) and (d) respectively. It is seen that under the conditions
entioned above, the use of the proposed hybrid control strategy re-
uces the task space error along X o and Z o axis in the mean square sense
y -3 dB and -2.2 dB respectively, while the respective task space accel-
ration error is reduced by -29 dB and -25 dB. The jitter in DLTC outputs
s reduced in the mean square sense by -12 dB and -26 dB, while the jit-
er in DOB outputs is reduced by -13 dB and -35 dB, for the joints 3 and
 respectively. 

. Conclusion 

In this paper, an exoskeleton employing limited power CCDC-servo-
rives as joint actuators has been studied. It is shown that high-
erformance control strategies like DOB-based-DLTC at the joint level,
hich effectively linearize and decouple the human-machine dynam-

cs, suffer in performance and stability when the actuators saturate. It
s also shown that the reason for this are conflicting requirements on
he bandwidths of the decoupled closed-loop systems. In order to solve
he trade-off between performance and stability, a new hybrid switch-
ng scheme based on smooth weighting functions has been proposed,
hich switch between stability and performance-based compensators
nd controllers depending on the saturation state, without hurting the
verall stability of the servo system. It has been shown experimentally
by using a 4-ADOF-exoskeleton test rig) that the proposed strategy im-
roves the performance and stability of the exoskeleton system both at
he joint space and task space level. The ability of the proposed strat-
gy to automatically adjust the stability and performance bandwidth
equirements, depending on the saturation state of the respective joint
ervo system, allows optimization of performance and stability to be si-
ultaneously achieved for limited power actuators. Since the exoskele-

ons are intimately attached to the human, safe physical human-robotic
nteraction (pHRI) is of great importance. Therefore, high task space
erformance, which generally requires tracking large task space refer-
nce accelerations, can be better achieved using the proposed strategy,
ith improved stability and fewer vibrations, as shown in this paper.
he suggested approach hence dramatically reduces the unwanted in-
eractive jitter-forces between human and machine and thereby improve
he safe pHRI performance of the exoskeleton. 
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